Abstract-This paper describes a rapid fluorometric method for the determination of bacterial densities ranging from lo5 to lo7 ml ' by using the double-stranded DNA stain PicoGreen. Reagents are added to water samples (200 ~1) without concentration of the bacteria or laborious extraction of bacterial DNA. The method works well both in lake water, including humic water with high background fluorescence, and in seawater. The PicoGreen assay successfully replaces time-consuming microscopy for counts of bacterial cultures and can be used in natural water samples as well. In samples from 12 lakes representing a wide range of bacterial and algal concentrations, DNA content was closely correlated with bacterial numbers (Y = 0.96).
has a sensitivity comparable to that of standard epifluorescence microscopy, but it is much less time-consuming. The assay is simple, allows the analysis of several hundred samples in one day, and requires sample volumes of only a few hundred microliters. The method works well in the analysis of low-density bacterial cultures, such as experiments on the regrowth of bacteria in filtered seawater or lake water. In addition, because most of the DNA in many waters is bacterial, the fluorometric assay corresponds well to microscopic counts of bacteria in unfractionated natural samples containing eukaryotic DNA.
The utilization of dissolved organic matter (DOM) by heterotrophic bacteria constitutes a major link in the energy flow of aquatic ecosystems. Valuable tools in the study of this process are experiments where seawater or lake water is filtered to remove all organisms, whereafter an inoculum of indigeneous bacteria is added. Typically, the bacteria are added as a filtrate of natural water with bacterivores removed by size fractionation. This technique has been successfully used to set up batch cultures and chemostat cultures of aquatic bacteria growing with natural DOM as the only energy source (Ammerman et al. 1984; Hagstrom et al. 1984) .
Several important issues have been addressed with such dilution cultures, e.g. growth efficiency of bacteria and availability of DOM as a bacterial substrate (Bjornsen 1986; Tranvik 1988; Sondergaard and Middelboe 1995) , growth on specific molecular weight fractions of DOM (Tranvik 1990; Amon and Benner 1996) , contribution of specific organic compounds to bacterial C, N, or P demand (Jorgensen et al. 1993; Tranvik and Jorgensen 1995) , patterns of macromolecular synthesis during bacterioplankton growth (Chin-Leo and Kirchman 1990), limiting nutrients (Zweifel et al. 1993) , effects of temperature on bacteria (Felip et al. 1996) , and impact of photochemical transformation of DOM on availability to bacteria (Lindell et al. 1995; Bushaw et al. 1996) .
Cultures of aquatic bacteria (200-500 ml) were established by filtering water from several ponds, lakes, and coastal sites through 0.2-pm filters (Supor, Gelman Sciences), and inoculating (5-10% of the total volume) with water containing only the bacterial size fraction of the plankton (Whatman GF/F filtered water). All cultures were incubated in the dark at 20°C on a rotary shaker (60 r-pm). Bacteria were preserved in 0.2-pm-filtered, buffered formaldehyde, filtered onto 0.2-,um black polycarbonate filters, and counted by epifluorescence microscopy after staining with DAPI (10 min, 10 mg liter-'), according to Porter and Feig ( 1980) . On each filter, a minimum of 10 fields of view and 250 bacteria were counted. Flagellates were counted by a similar procedure after collection on 0.8-pm polycarbonate filters. Samples (l-5 ml) for DNA analysis were frozen (-20°C).
Fresh working solutions of PicoGreen were made up daily by diluting the commercially available stock solution 1 : 200 in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5). The stock solution was kept at -20°C. This solution was frequently thawed and refrozen over a period of at least 2 months without losing sensitivity.
A major obstacle in the dilution culture approach is the time-consuming determination of bacterial density by fluorescence microscopy. Recently, it has been demonstrated that flow cytometry can substituted for microscopy de1 Giorgio et al. 1996) . However, flow cytometers are expensive instruments available only in few ecological laboratories. In this note, I present a fluorometric assay for bacterial density based on the double-stranded DNA-specific fluorochrome PicoGreen (Molecular Probes). Bacteria stained with PicoGreen shine brightly yellow in the epifluorescence microscope when excited by blue light. The method In the standard procedure for the PicoGreen assay, samples are stored frozen in polyethene vials. Subsamples (200 ~1) of the thawed samples are added to 2-ml polypropylene screwcap tubes together with 20 ~1 of 1% Triton X-100, vortex mixed, and incubated at room temperature for -10 min. Thereafter, 220 ~1 of PicoGreen working solution is added to each sample. The samples are incubated for -5 min and subsequently assayed in a spectrofluorometer (Shimadzu RF-1501, 480 nm excitation, 525 nm emission) equipped with a loo-p1 (3 X 3 mm) flow-through cuvette and an autosampler. Samples filtered through a 0.2-pm syringe filter serve as blanks. With this procedure, 1 ml of undiluted PicoGreen reagent is sufficient for 800 samples.
Standard solutions were prepared from a stock solution of calf thymus DNA (Sigma D-1501,2 mg liter I) in TE buffer, which was kept frozen and checked for DNA content by Several treatments were initially tested for their effect on the PicoGreen fluorescence yield of aquatic bacteria. To facilitate penetration of the stain into cells, I tried to digest cell walls with lysozyme (Sigma L-6876, 0.2 mg mill), or permeabilized membranes with either Triton X-100 (Sigma X-100,0.1%) or Polymyxin B (Sigma P-1004,0.2 mg n&l). To test if PicoGreen fluorescence was improved by the removal of bacterial protein, samples were treated with protease (Pronase E, Sigma P-671 1, 0.2 mg ml I). All enzymatic reactions were performed at 37°C in the dark for 60 min. Triton-X 100 increased the fluorescence by 60% without affecting background fluorescence, while the other treatments decreased the signal markedly or introduced significant background fluorescence. Samples preserved by freezing (-20°C) exhibited a 20% higher PicoGreen signal than did those fixed with formaldehyde (2% of <0.2-pmfiltered, buffered [borax] formaldehyde). Sonication (XL sonicator with microtip at maximal intensity, Heat Systems) for lo-60 s did not affect the fluorescence. Thus, physical disruption of cells was not necessary.
Two other DNA fluorochromes were tested in parallel with the PicoGreen procedure outlined above. DAPI (Sigma D-9542, 10 mg ml-l) did not produce significantly higher fluorescence when added to sample with -50 X 10" bacteria mll' than when added to a bacteria-free control (350 nm excitation, 450 nm emission). For the same sample, TOTO-1 (Molecular Probes, 0.3 PM, 514 nm excitation, 533 nm emission) produced detectable fluorescence but 2 orders of magnitude less than that of PicoGreen.
To check the DNA specificity of the labelling procedure, the PicoGreen fluorescence of a sample from a lake-water Replicates of a sample from a lake-water culture, analyzed at different times after staining. The line indicates the linear regression slope (not significant).
culture was checked before and after treatment with DNase (type IV, Sigma D-5025) for 3 h at 37°C at 2,000 units ml ~ l. Fluorescence was reduced by the DNase treatment to a level similar to that in PicoGreen-stained, DNase-treated Milli-Q water (Fig. l) , indicating that the assay reflects the concentration of DNA and not the concentration of other cell components.
Efficient and convenient analysis of large numbers of samples requires that the fluorescence is reproducible and stable over a reasonable period. Twenty replicates of a sample (from the stationary phase of a dilution culture grown on eutrophic pond water) were processed individually and analyzed at different times for 80 min. There was no significant change over time in the fluorescence intensity (Fig. 2) , and the C.V. among the replicates was 4%. This is enough time for analysis of -100 samples by using the fluorometer with an autosampler.
Time courses of microscopic counts of bacteria and PicoGreen-derived DNA concentrations (calibrated by additions of DNA standards to 0.2-pm-filtered lake water) developed similarly in cultures from a eutrophic pond, a humic, oligotrophic lake (water color -100 mg Pt liter-'), and an oligotrophic clearwater lake (Fig. 3) . Microscopic counts and DNA concentration were correlated, even in the oligotrophic lake where bacterial numbers did not exceed 0.9 X lo6 ml-l. For the eutrophic pond culture, the DNA of both 0.2-pm-filtered water (bacteria-free) and unfractionated samples was analyzed. In this case, DNA standards were dissolved in TE buffer. Values from bacteria-free samples represent the background fluorescence of dissolved and colloidal compounds in the water. The calibration was made with the conservative assumption that all fluorescence is due to DNA. There was a slight increase in nonbacterial fluorescence during the exponential growth phase, indicating some increase in extracellular DNA. The increase in background fluorescence amounted to 35% of the total nonbacterial fluorescence. However, the total background fluorescence was small (12% at the final sampling) compared to the fluorescence from the bacterial size fraction (Fig. 3b) only one initial sample of each culture to correct for background fluorescence.
Because the fluorescence of PicoGreen may be quenched at high salinities (Molecular Probes, protocol MP 758 1; Marie et al. 1996) , the applicability of the method may be restricted to freshwater samples. To test this, bacterial numbers and concentrations of PicoGreen-stained DNA were followed in seawater cultures. The fluorescence of original samples was compared to the fluorescence of samples that had been desalted by gel filtration through prepacked Sephadex G-25 columns (PD-10, Pharmacia). Bacterial cells are not retarded during elution through these columns (L. J. Tranvik unpubl.) . For a culture derived from the Laholm Bay, Sweden (26%0 salinity), the desalting procedure did not affect the results of the PicoGreen assay (Fig. 4) . Thus, the assay works well without modifications, at least at moderate salinities.
Dilution cultures are sometimes infected by bacterivorous protists, causing a decrease in bacterial abundance. In such cases, bacterial cultures do not develop a stable stationary phase and fail to reflect the carrying capacity of the substrate in the water. I was concerned about the ability of the PicoGreen assay to quantify bacteria in such cases, as there would possibly still be other sources of DNA in the water (DNA released during bacterivory and Protist DNA). This was tested in cultures infected with flagellates. Water from a eutrophic pond was 0.2-pm-filtered, enriched with yeast extract (2 mg liter-l), and inoculated with both bacteria and protists by adding water screened through a IO-pm net. The resulting culture exhibited a typical predator-prey pattern of bacteria and bacterivorous flagellates (Fig. 5a) . The DNA concentration of the culture developed similarly to the bacterial abundance (Fig. 5b) and was consequently closely correlated to the microscopic counts of bacteria (Fig. 5~) . Uni- cellular eukaryotic organisms usually have between 46 and 3,000 fg DNA per nucleus (Lee 1989) . Assuming that bacterivorous flagellates are at the lower end of this range, they would represent at most 3.4% of the measured DNA concentration reported in Fig. 5 . Thus, it is probable that bacterial cells were the major source of DNA throughout the time course of the culture.
The DNA content of bacterial cells varied among experiments from 2.4 to 17 fg cell I, as indicated by the slope of the regression of DNA concentration vs. microscopic counts. This is similar to the range of bacterial DNA contents pre-viously reported for bacteria in seawater cultures (Chin-Leo and Kirchman 1990; 3.3-6 .3 fg cell-l), coastal seawater (Paul and Carlson 1984; 6-14 fg cellll) , and a number of freshwater samples (McCoy and Olson 1985; 12 fg cellll) . The amount of DNA per bacterium depended on the specific batch of samples that was stained and analyzed. There was no correlation between detected DNA content of cells and cell size, as determined by image analysis of DAPI-stained bacteria (data not shown). Thus, variable efficiency in staining bacterial cells suggests that the results of the PicoGreen assay should be calibrated against microscopic counts for each series of samples. Among all assays, the fluorescence yield of DNA standards varied by 53%. An important cause of this variation is different quenching of the DNA fluorescence in water from different lakes, depending on the background dissolved organic matter matrix. This is compensated for by the use of DNA standards diluted in natural water.
In natural environments, particles other than heterotrophic bacteria contain DNA. Thus, the results of the PicoGreen assay from natural samples will not exclusively represent bacterial standing stock. However, previous studies indicate that most of the total marine particulate DNA resides in bacteria (Paul and Myers 1982; Paul and Carlson 1984) . To test if this is true in freshwater environments as well, DNA content in surface-water samples from a range of widely different south Swedish lakes were analyzed by using the PicoGreen assay. The lakes represent different concentrations of Chl a and humic content. Two samples from dense cyanobacterial blooms were also included.
Chl a concentrations (fluorometric determination of Chl a in ethanol extracts from Whatman GFK filters, as described by Carlsson et al. 1995) in these lakes varied from 1.7 to 747 pg liter-l, and abundance of heterotrophic bacteria (DAPI counts) ranged from 2.5 to 21.7 lo6 cells ml-l. DNA standards were diluted in 0.2-pm-filtered lake water and were prepared separately for each lake to correct for differences in background fluorescence and quenching. DNA content was logarithmically related to Chl a concentration (Fig.  6a) , but was more closely described as a linear function of bacterial abundance (Fig. 6b) . Removal of the data from the two samples with the highest chlorophyll concentrations, representing dense cyanobacterial bloom conditions, results in linear regressions of DNA content vs. bacterial abundance and Chl a concentration with coefficients of determinations (r2) of 0.91 and 0.65, respectively. Stepwise regression with both bacterial abundance and Chl a concentration as independent variables shows a very minor decrease in the coefficient of determination when Chl a is removed from the model (r2 = 0.933 vs. r2 = 0.929). Thus, in situ bacterial abundance can be successfully predicted from DNA content. This may partly be due to a close correlation between nonbacterial (presumably mostly algal) DNA and bacterial DNA. However, the regression slope indicating the DNA content per DAPI-stained bacterium from the field survey (6 fg cell ~ l, Fig. 6 ) is within the range found in the experiments with bacteria-only cultures (e.g. Fig. 3 ). Thus, it is likely that a major fraction of the particulate DNA in the lakes was in the bacteria, as also suggested by previous investigators (Paul and Myers 1982; Paul and Carlson 1984) . Alternative- ly, the staining of algae and cyanobacteria by the PicoGreen procedure was not effective.
The investigated lakes represent a wide range of bacterial densities (Fig. 6) . Although the results of the PicoGreen assay corresponded well with bacterial abundance in a comparison of these lakes, nonbacterial DNA may obscure the results of studies that require higher resolution (e.g. withinlake seasonal comparisons). Hence, total DNA concentrations should be used with caution to derive the bacterial density of natural samples.
Quantification of bacteria in natural waters by fluorometry has previously been done by measurement of bacterial DNA with the fluorochrome Hoechst 33258 (Paul and Myers 1982; Paul and Carlson 1984; McCoy and Olson 1985) . Owing to the limited sensitivity of this method, bacteria must be concentrated before analysis. This is most efficiently done by filtration and subsequent extraction of the bacterial DNA from the filters. Because of the concentration/extraction step, this method is roughly as time-consuming as preparation of
